RGS6 is a member of the RGS 1 protein family of which 20 or more genes exist in humans (1). From initial genetic studies in yeast implicating the RGS protein Sst2p in negative regulation of pheromone signaling, much evidence suggests RGS proteins may act to facilitate termination of heterotrimeric G protein signaling initiated by stimulation of G protein-coupled receptors (2, 3). Indeed, the hallmark RGS domain, present in all RGS proteins, mediates their interaction with and enhancement of the intrinsic GTPase activity of heterotrimeric G protein ␣-subunits in vitro. Because G␣ subunits are active when bound to GTP, and form inactive complexes with cognate G␤␥ subunits following GTP hydrolysis, such actions of RGS proteins would shut down signaling by both active G␣ and G␤␥ signaling proteins. This activity would explain the enhancement of G protein signaling observed in genetic mutants lacking RGS proteins in Saccharomyces cerevisiae and Caenorhabditis elegans (4, 5). However, less is known about the signaling and physiological role of these proteins in mammals, although genetic knockout of RGS9 in mice showed that RGS9 is essential for acceleration of GTP hydrolysis by transducin (Gt) and normal recovery of the photoresponse (6).
RGS6 is a member of the RGS 1 protein family of which 20 or more genes exist in humans (1) . From initial genetic studies in yeast implicating the RGS protein Sst2p in negative regulation of pheromone signaling, much evidence suggests RGS proteins may act to facilitate termination of heterotrimeric G protein signaling initiated by stimulation of G protein-coupled receptors (2, 3) . Indeed, the hallmark RGS domain, present in all RGS proteins, mediates their interaction with and enhancement of the intrinsic GTPase activity of heterotrimeric G protein ␣-subunits in vitro. Because G␣ subunits are active when bound to GTP, and form inactive complexes with cognate G␤␥ subunits following GTP hydrolysis, such actions of RGS proteins would shut down signaling by both active G␣ and G␤␥ signaling proteins. This activity would explain the enhancement of G protein signaling observed in genetic mutants lacking RGS proteins in Saccharomyces cerevisiae and Caenorhabditis elegans (4, 5) . However, less is known about the signaling and physiological role of these proteins in mammals, although genetic knockout of RGS9 in mice showed that RGS9 is essential for acceleration of GTP hydrolysis by transducin (Gt) and normal recovery of the photoresponse (6) .
Yet, there are many unanswered questions regarding the structure and function of RGS proteins. Although some RGS proteins exhibit specificity toward specific G␣ subunits, the number of RGS proteins that exist far exceeds that of their presumed G protein targets. RGS proteins are predicted to accumulate at the plasma membrane to function as GAPs for G proteins, yet this evidence is lacking for all but a few RGS proteins. Indeed, we demonstrated localization of RGS proteins in the cytoplasm, nucleus, and Golgi and provided evidence for extra-RGS domain sequences in subcellular targeting of these proteins (7) , and several other laboratories have reported localization of RGS proteins in the nucleus (8 -11) . Also, considerable structural differences exist among members of the RGS family and distinct subfamilies of these proteins have been described (2, 3) . These subfamilies share similarities both within their RGS domains as well as their extra-RGS domain sequences. The precise significance of these structural differences are not yet clear, although some evidence suggests that extra-RGS domain sequences may be involved in modulating their G protein regulatory activity by regulating their localization to the plasma membrane or to specific receptors (10 -16) , the latter providing a potential mechanism for receptor-selective actions of RGS proteins. Structural domains outside of the RGS domain have been implicated in interactions of RGS proteins with other proteins or in different functional activities, e.g. GGL domains, present in R7 subfamily of RGS proteins, specifically bind the atypical G␤ subunit G␤5 (17) ; GoLoco motifs in RGS12 and RGS14 possess guanine nucleotide dissociation activity (18) ; a PX domain in RGS-PX1 may regulate vesicular trafficking (19) , and; various regions outside of the RGS domain of RGS9 determine the affinity and substrate specificity of RGS9⅐G␤5 complexes toward Gt or Gt⅐PDE␥ complexes (20) .
Here we demonstrate that the subcellular localization and trafficking of RGS6 and other RGS proteins is dynamically regulated in response to mild heat stress, proteasome-mediated proteotoxic stress and during expression of HSF1. Our findings suggest the involvement of RGS proteins in new signaling pathways or in cellular functions related to specific stress signaling pathways. Our finding that the RGS domain provides structural support for stress-induced nucleolar trafficking of RGS proteins reveals a role for this signature domain of RGS proteins in functions distinct from their actions on G protein ␣-subunits. Evidence presented here for a role of the DEP domain in both stress-induced and rDNA transcription-linked nucleolar trafficking of RGS6 is intriguing in light of recent evidence that expression of the homologous domain of Sst2p regulates stress-related gene expression in yeast (21) . Our results, together with the observed up-regulation of two members of the RGS protein family by stress stimuli (22, 23) , suggests that expression, subcellular trafficking, and localization of RGS proteins, like that of heat shock proteins, are linked to cellular stress signaling pathways.
EXPERIMENTAL PROCEDURES
Materials-Elongase was from Invitrogen. Lactacystin, SB203580, PD98059, and MG132 were from Calbiochem, and actinomycin D, ␣-amanitin, H7, LY294002, ALLN, AEBSF, chloroquine, and anti-fibrillarin antibodies were from Sigma. Nucleolin antibody (C23) was purchased from Santa Cruz Biotechnology. Kinase-inactive, dominant-negative mutant of stress-activated protein kinase (SAPK␤ K-A) (24) was kindly provided by Dr. Melanie H. Cobb (University of Texas Southwestern Medical Center). Cell culture medium and serum was provided by the Diabetes Endocrinology Research Center (University of Iowa). HSF1 transcription factor was PCR-amplified from human placental cDNA and cloned in pCMV vector (Stratagene). Oligonucleotide primers and other molecular biological reagents were obtained from the University of Iowa DNA Core.
RGS6 cDNAs-Full-length cDNAs encoding various forms of RGS6 were amplified and cloned into EGFP vector as detailed in the accompanying article (55) . RGS6 cDNAs were cloned also into pCMVTag2 to incorporate an N-terminal FLAG epitope, or into pcDNA3.1 (Invitrogen) to incorporate a C-terminal c-Myc epitope.
Cell Culture and Transfection-COS-7 cells were grown in DMEM supplemented with 10% fetal bovine serum and gentamycin (50 g/ml). MCF7 cells were grown in Eagle's MEM with 2 mM glutamine and Earle's balanced salt solution adjusted to contain 1.5 g/liter sodium bicarbonate, 0.1 mM non-essential amino acids, and 1 mM pyruvate, supplemented with 0.1 mg/ml bovine insulin, 10% fetal bovine serum, and gentamycin (50 g/ml). Cells were maintained in a 5% CO 2 humidified atmosphere at 37°C. COS-7 cells were transiently transfected with vectors containing various RGS protein and HSF1 cDNAs by electroporation (7). MCF7 cells were transiently transfected using LipofectAMINE Plus as we described previously (25) . Cells were used in experiments ϳ40 h following transfection.
Heat Stress Treatment-COS-7 cells were subjected to heat stress by incubation at 43°C for 30 min in a water bath (26) using CO 2 -independent medium (Invitrogen) supplemented with 10% fetal bovine serum and gentamycin (50 g/ml). Cells were fixed immediately or allowed to recover at 37°C for 2-4 h in a 5% CO 2 incubator in Dulbecco's modified Eagle's growth medium.
Immunofluorescence-Immunofluorescence analysis of EGFP-tagged RGS6 proteins was performed exactly as we described (27) . For indirect immunofluorescence detection of fibrillarin, nucleolin, and FLAG-or c-Myc-tagged RGS6, fixed cells were incubated with appropriate primary antibodies (diluted ϳ1:1000) in DPBS containing 1% bovine serum albumin for 2 h at room temperature. Cells were then rinsed three times with DPBS and incubated in Texas red-conjugated anti-human (fibrillarin) or FITC-conjugated anti-mouse (FLAG and c-Myc) secondary antibody in DPBS for 1 h at room temperature. RNaseA treatment, propidium iodide staining, and confocal microscopy was performed as we described (27) . Images shown are representative of a minimum of 1000 cells derived from four or more separate transfections.
RESULTS
Heat Stress Promotes Nucleolar Migration of RGS6 Proteins-Our previous studies demonstrated distinct subcellular distribution patterns of RGS6 proteins upon their expression in COS-7 cells (55). RGS6L and its -GGL counterpart localized exclusively in the cytoplasm while RGS6S exhibited three distinct patterns of subcellular localization, punctate cytoplasmic/ nuclear, nuclear, and nucleolar. In contrast to RGS6L, cytoplasmic localization of RGS6S required its intact GGL domain, demonstrated by the finding that RGS6S(-GGL) localized exclusively in the nucleus or nucleolus.
The observed nucleolar localization of RGS6S was intriguing in light of a recent report that expression of the DEP domain of the yeast RGS protein Sst2p altered expression of numerous yeast genes, many possessing STREs (21) . Observed increases in STRE reporter gene activity in deletion mutants of proteins these workers identified as Sst2p DEP binding partners could reflect the existence of a signaling pathway between Sst2p and stress responses. We considered a corollary to this possibility by investigating whether cellular stress influenced subcellular localization of RGS6 proteins, and presumably their function, despite the fact that we observed constitutive nuclear or nucleolar localization of RGS6 proteins that lack the DEP domain, shared by Sst2p. Fig. 1 shows that RGS6 proteins undergo a rapid and dramatic shift in response to mild heat stress (43°C, 30 min) and accumulate exclusively within nucleoli. This response was observed both for RGS6L and RGS6S and their -GGL counterparts. Nucleolar localization of RGS6S and RGS6S(-GGL) occurred rapidly with essentially all cells exhibiting exclusive nucleolar localization of these proteins immediately following heat stress. Only a small fraction of cells exhibited nucleolar localization of RGS6L or RGS6L(-GGL) at this time point; however, predominant or exclusive localization of these two proteins was observed in essentially all cells within 2-4 h following the brief heat stress. A significant number of cells (5-20%) expressing RGS6L or RGS6L(-GGL) exhibited granular or dotted distribution of these proteins in the nucleus in addition to nucleolar-localized protein (not shown). This dotted subnuclear distribution was observed more frequently at earlier times following heat stress, preceding the observed nucleolar localization of the proteins in cells. Thus, RGS6L appears to undergo subnuclear trafficking, organizing first in discrete subnuclear sites or dots followed by nucleolar migration and accumulation. These results provide the first evidence for heat stress-induced trafficking of a member of the RGS protein family.
Proteotoxic Stress Induces Nucleolar Migration of RGS6 Proteins-Proteasome inhibition in cells leads to accumulation of proteins normally targeted for degradation. Interestingly, treatment of cells with proteasomal inhibitors like MG132 mimics many cellular responses to mild heat stress including activation of heat shock factors and induction of heat shock and chaperone proteins (28 -31) . Therefore, it was of interest to examine whether cellular stress induced by proteasomal inhibition, known as proteotoxic stress, had any effect on RGS6 subcellular localization. Fig. 2A shows the subcellular localization patterns of RGS6L and RGS6S and their -GGL counterparts in response to treatment of cells with MG132 (10 M). Essentially all cells expressing RGS6S and RGS6S(-GGL) exhibited near exclusive nucleolar localization of these proteins following 2 h of MG132 treatment, although a fraction of protein was present in discrete nuclear foci or dots. RGS6L and RGS6L(-GGL) showed little nucleolar localization following 2 h of MG132 treatment (not shown), although more than 75% of cells exhibited nucleolar localization of these proteins following 4 h of MG132 treatment ( Fig. 2A) . Even under this longer treatment condition, cells expressing RGS6L and RGS6L-(-GGL) did not show exclusive nucleolar localization of these proteins, as some cytoplasmic-localized protein was apparent in most cells. Nonetheless, these findings demonstrate that a pharmacologic mimic of mild heat stress induces nucleolar localization of RGS6 proteins. Fig. 2B shows that treatment of cells with another class of proteasome inhibitor, lactacystin similarly promoted nucleolar migration of RGS6L(-GGL) while treatment with an inhibitor of calpain and other proteases (ALLN) did not produce this response. Treatment of cells with a lysosomal protease inhibitor (chloroquine, 0.1 mM, 2 h) and a serine protease inhibitor (AEBSF, 1 mM, 2 h) also did not promote nucleolar localization of RGS6L(-GGL). Thus, only proteasome-mediated proteotoxic stress induces nucleolar migration of RGS6.
We performed control experiments to validate our use of GFP-tagged forms of RGS6 for these studies and to confirm the identity of nucleoli as the sites of accumulation of these proteins in response to stress. To examine whether the presence of the N-terminal GFP tag influenced stress-induced localization of RGS6S, we compared MG132-induced localization of RGS6S(-GGL) tagged with N-terminal GFP to that of the protein tagged with C-terminal c-Myc or N-terminal FLAG epitopes. Fig. 2C shows the nature and location of the tag on RGS6 did not influence its nucleolar localization in response to MG132 treatment of cells. We used the resident nucleolar marker protein fibrillarin to confirm that RGS6 proteins localize to nucleolar sites in response to MG132 treatment and mild heat stress. Fig. 2D shows that RGS6S(-GGL) colocalizes with fibrillarin in COS-7 cells treated with MG132 for 2 h and the same results were observed in response to mild heat stress. We also observed stress-induced nucleloar migration of RGS6 proteins in cells other than COS-7 cells. Fig. 2E shows that RGS6S(-GGL) undergoes MG132-induced nucleolar migration in MCF7 cells independent of the level of protein expression. As shown, cells expressing RGS6S(-GGL) at typical as well as barely detectable levels (indicated by arrows in overlay) exhibited nucleolar (labeled with nucleolin antibody) localization of RGS6S(-GGL) in response to MG132. Thus, stress-induced nucleolar migration of RGS6 is not dependent upon a particular cell type or level of protein expression.
Other forms of cellular stress failed to promote nucleolar localization of RGS6 proteins. Treatment of cells with oxidative (0.5 mM sodium arsenite, 30 min) or hyperosmolar stress (1 M sorbitol, 1 h) failed to promote nucleolar localization of RGS6L, RGS6S or their -GGL counterparts. Similarly, we observed no effect on subcellular localization of these proteins during treatment of cells with the protein synthesis inhibitor puromycin (20 g/ml, 1 h), calcium ionophore A23187 (2 M, 2 h) or PKC activator PMA (5 g/ml, 2 h) (not shown). These results suggest that nucleolar migration of RGS6 is induced selectively in response to thermal stress or inhibition of proteosomal pathways but not other forms of cellular stress or treatments.
RGS6 Nucleolar Migration Does Not Involve Stress-activated Protein Kinases-Various cellular stresses including oxidative, hyperosmolar, and heat stress activate p38 kinase and C-terminal Jun kinase/stress-activated protein kinase (JNK/SAPK) (32) . Our findings that nucleolar localization of RGS6 was induced selectively by mild heat stress or MG132 treatment and not oxidative or hyperosmolar stress suggested that this process might occur by mechanisms independent of p38 and JNK/SAPK pathways. To test this possibility, we examined heat stress-and MG132-induced nucleolar localization of RGS6S(-GGL) in cells treated with the p38 kinase inhibitor SB203580 (20 M for 2 h) or co-transfected with dominantnegative kinase inactive SAPK (24) . These treatments had no effects on stress-induced nucleolar localization of RGS6S-(-GGL) (not shown) suggesting that this process is not mediated by these generalized stress-activated kinases.
Identification of RGS Domain as a Critical Domain for Nucleolar Localization of RGS6 and Other RGS Proteins-
We undertook studies to examine the structural modules that mediate nucleolar targeting of RGS6 proteins in response to heat stress and MG132 treatment. Fig. 3A shows confocal microscopic images of COS-7 cells expressing full-length RGS6L-GFP (1-472) or various deletion constructs of RGS6L fused to GFP. The 9 deletion constructs represent contiguous and sometimes overlapping domains of RGS6 that were selected to evaluate systematically the structural basis for nucleolar targeting of RGS6 in response to heat stress or MG132 treatment. patterns were observed in cells treated with mild heat stress. GFP alone failed to show nucleolar localization in response to either MG132 or mild heat stress treatment (not shown).
We began by evaluating nucleolar localization of constructs encompassing all or portions of the N-terminal domain unique to RGS6L. Constructs 1-182, 1-121, and 40 -121 (DEP domain alone) all showed nucleolar localization while construct 70 -121 did not. This result suggests the presence of structural modules mediating nucleolar migration in a region mapping to the DEP domain of RGS6L in response to MG132. Construct 70 -182, but not construct 70 -121, was localized to nucleoli suggesting another targeting module in the region between amino acids 121 and 182 of RGS6L. Two additional constructs mapped the sequences C-terminal to this region and up to the RGS domain of RGS6L. Both of these constructs, 172-231 and 232-332, the latter encompassing the GGL domain of RGS6 proteins, failed to exhibit nucleolar localization in response to MG132. Of particular interest was the finding that construct 232-472, but not 232-332, exhibited nucleolar localization in response to MG132, implicating sequence modules in the RGS domain or C terminus of RGS6L in nucleolar migration. Clear evidence for support of the RGS domain in this activity was provided by the observed nucleolar localization of construct 333-452, which represents the RGS domain of RGS6. Together these results demonstrate that RGS6L possesses three structural modules that are capable of nucleolar localization in response to MG132 treatment, mapped by these studies to the DEP domain, the RGS domain and the region between amino acids 122 and 182 of RGS6L.
We observed some differences in the sensitivity of various constructs to heat stress or MG132-induced nucleolar migration. While constructs encompassing the RGS domain of RGS6S proteins exhibited nucleolar migration immediately following mild heat stress or 2 h of MG132 treatment, nucleolar localization of N-terminal constructs of RGS6L-(1-182, 1-121), like that of RGS6L itself, was observed following 4 h of MG132 treatment or 2-4 h following mild heat stress. These two Nterminal constructs also exhibited some granular or dotted subnuclear distribution, not observed with the holoprotein, in addition to nucleolar localization. These findings, together with the fact that RGS6S proteins lack these N-terminal sequences, suggest that the RGS domain is a primary sequence module responsible for stress-induced nucleolar localization of RGS6 proteins. Green represents fluorescence of EGFP-or indirect immunofluoresence (pseudocolor) of c-Myc-or FLAG-tagged RGS6S(-GGL) and red represents PI-stained nuclei. D, RGS6S(-GGL) localizes to fibrillarin-decorated nucleoli following proteotoxic stress. COS-7 cells expressing EGFP-RGS6S(-GGL) were treated with MG132 as described in A and indirect immunofluorescence detection of fibrillarin was performed. Green represents GFP-tagged RGS6S(-GGL) and red represents Texas Red-stained fibrillarin. E, RGS6S(-GGL) localizes to nucleolin-decorated nucleoli in MCF7 cells following proteotoxic stress. MCF7 cells expressing EGFP-RGS6S(-GGL) were treated with MG132 as described in A and indirect immunofluoresence detection of nucleolin was performed. Green represents GFP-tagged RGS6S(-GGL) and red represents Cy5-stained nucleolin. Arrows indicate nucleolar localization of RGS6S(-GGL) expressed at very low levels. Transfection of cells and immunofluorescence measurements were performed as described under "Experimental Procedures."
Stress-induced Nucleolar Localization of Other RGS Proteins-
The observed nucleolar accumulation of the RGS domain of RGS6 in response to MG132 or heat stress raises the very intriguing possibility that other RGS proteins might undergo stress-induced nucleolar migration. It is possible, however, that the RGS domain of RGS6 has distinct structural features to promote this activity or that structural sequences outside of the RGS domain may impede this activity in other RGS proteins. To consider these possibilities, we examined the effects of MG132 and heat stress treatment on subcellular localization of other RGS proteins. We showed previously that some RGS proteins are nucleocytoplasmic shuttle proteins (e.g. RGS4 and RGS16) and accumulate predominantly in the cytoplasm with some nuclear-localized protein while other RGS proteins are predominantly nuclear proteins (e.g. RGS2 and RGS10) in unstimulated cells (7) . Fig. 4A shows the subcellular distribution pattern of various RGS proteins expressed in COS-7 cells before and after treatment with MG132. As shown, MG132 treatment of cells promoted nucleolar localization of RGS2, RGS3T, RGS13, and RGS20 (i.e. RGSZ) but not RGS3 or RGS16. The ability of MG132 to promote nucleolar localization of RGS proteins was independent of the subcellular distribution pattern of RGS proteins in unstimulated cells, with both nuclear and cytoplasmic RGS proteins responding to MG132 with nucleolar migration. The observed nucleolar localization of RGS3T but not RGS3 demonstrates that extra-RGS domain sequences influence nucleolar localization of RGS proteins, because RGS3 differs only from RGS3T by the presence of a 313 amino acid N-terminal sequence (33) . In support of this contention, we found that MG132 was fully capable of promoting nucleolar localization of RGS16 lacking 18 C-terminal amino acids (Fig. 4B) , in contrast to its lack of effect on localization of full length RGS16 (Fig. 4A) . The lack of nucleolar localization of full-length RGS16 was not due to a delayed response, as observed with RGS6L proteins, because nucleolar localization of RGS16 also was not observed during prolonged treatment with MG132 or with longer recovery periods following heat stress (not shown). Mild heat stress produced the same patterns of nucleolar migration of these various RGS proteins as observed with MG132 treatment.
These results suggest that common structural features in RGS proteins, as opposed to RGS6-specific structures, mediate heat stress and MG132-mediated nucleolar localization of these proteins. The only common structural feature among these proteins is their RGS domains. Moreover, our results show that the RGS domain alone of RGS6 is capable of nucleolar migration, as is RGS13, the smallest member of the RGS protein family that possesses little extra-RGS domain sequence. Results shown in Fig. 4B provide further support for this idea, demonstrating that MG132 promotes nucleolar localization of RGS domains of RGS proteins with both prototypical (RGS6, RGS16) and atypical (AKAP10, axin) RGS domains (2, 3) . The observed nucleolar localization of the RGS domain of RGS16 further demonstrates that its extra-RGS domain sequences are responsible for impeding stress-induced nucleolar localization of full-length RGS16 (Fig. 4A) . Of particular interest is the finding that the RGS-like domains of AKAP10 and axin also exhibit stress-induced nucleolar localization. Human AKAP10 possesses two such domains, RGD1 and RGD2, both lacking the ability to bind or GAP G␣ subunits in vitro (34) . The single RGS domain of axin is not known to bind or GAP G␣ subunits (2) although it does bind to adenomatous polyposis coli protein (35) . Our findings show that sequence elements mediating stress-induced nucleolar localization of the RGS domain of RGS6 are not unique to either to its RGS domain or to prototypical RGS domains. The observed nucleolar localization of RGS domains of AKAP10 and axin suggest that the sequence elements required for nucleolar localization in response to stress may be distinct from those required for G protein interactions. Fig. 4C shows an alignment of the RGS domains examined here. 9 of the approximate 120 amino acids are completely conserved within these domains, with only 7 amino acids (indicated with asterisk) conserved among the individual RGS domains (Fig. 4B) or RGS proteins (Fig. 4A) shown to undergo stress-induced nucleolar localization.
Mapping of RGS Domain Sequence Elements Involved in Stress-induced Nucleolar Migration-We examined whether specific regions or sequence elements of the RGS domain, as opposed to the entire RGS domain, were required for its stressinduced nucleolar localization. Deletion mapping of the RGS domain of RGS6 showed that the region encompassing the approximate N-terminal third of the RGS domain was both necessary and sufficient for stress-induced nucleolar targeting. induced nucleolar localization of GFP-tagged constructs of RGS6 RGS domain sequences were examined. As shown, a construct encompassing the first 42 amino acids of the RGS domain of RGS6 underwent MG132-induced nucleolar localization like that of the complete RGS domain, while an RGS domain construct lacking only those N-terminal amino acids did not undergo such nucleolar localization.
We also studied effects of mutating individual amino acids in the RGS domain of RGS13 on its nucleolar localization in response to MG132. Fig. 4C indicates the sites of the 9 individual mutations we made in the RGS domain of RGS13, that included 6 of 7 amino acids that were conserved among RGS proteins or RGS domains tested in our studies, in addition to three other mutations at other sites (Glu-55, Ser-136, Tyr-146).
FIG. 4. Stress-induced nucleolar localization of various RGS proteins and role of the RGS domain and extra-RGS domain sequence in stress-induced nucleolar trafficking of RGS proteins.
A, subcellular distribution profile of various RGS proteins following treatment with vehicle or MG132 (10 M, 2-4 h). Scoring of the nucleolar localization (ϩ or Ϫ) for each RGS protein is indicated beneath the panels. B, stress-induced nucleolar localization of typical or atypical RGS domains of proteins and of RGS16 lacking its 18 C-terminal amino acids (RGS16⌬C). COS-7 cells expressing EGFP-tagged RGS domains or RGS16⌬C were treated with MG132 as described in A and subjected to confocal microscopy. For both panels, green represents EGFP-tagged RGS protein or RGS domain and red represents propidium iodide-stained nuclei. Transfection of COS-7 cells and immunofluorescence measurements were performed as described under "Experimental Procedures." Essentially identical results were observed in response to mild heat stress (43°C, 30 min) (not shown). C, multiple sequence alignment of the RGS domains of RGS6, RGS16, axin, and AKAP10. Asterisks indicate amino acids conserved among RGS proteins or RGS domains studied here. The identity and location of substitution mutations made in RGS13 are indicated above the alignment.
We also prepared a double mutant of RGS13 in which both indicated Ser residues were mutated. Individual mutation of these 9 amino acids or the combined mutation of Ser-136 and Ser-143 in the RGS domain of RGS13 did not alter the ability of RGS13 to undergo nucleolar localization in response to MG132 in cells expressing these mutant RGS13 proteins. These results show that these amino acids do not play a critical role in stress-induced nucleolar localization of RGS13.
Role of HSF1 but Not Protein Kinase Activity in Stressinduced Nucleolar Localization of RGS6 -
We examined the structure of the RGS domain of RGS6 in an attempt to identify any sequence elements that might be involved in its stressinduced nucleolar localization. Because heat stress-induced nucleolar migration of RGS proteins or isolated RGS domains is rapid, occurring within 30 min of heat treatment, we considered the possible involvement of post-translational modifications of RGS6 or of stress-induced expression of heat shock proteins as possible mechanisms underlying this response.
Sumo modification of proteins has been implicated in subcellular localization of proteins including the nucleolar migration of topoisomerase I during genotoxic stress (36) . The absence of a consensus sequence for sumo modification ((I/V/L)KXE) of proteins in the RGS domain of RGS6 and other RGS proteins suggests sumo modification is not involved in their stressinduced nucleolar localization.
Several RGS proteins are phosphorylated on Ser or Tyr with evidence for phosphorylation within the RGS domain of two mammalian RGS proteins, RGS16 and RGS19 (37, 38) . However, these two proteins are phosphorylated at sites located in the C-terminal halves of their RGS domains, a region that our studies indicate is dispensable for stress-induced nucleolar localization of the RGS domain of RGS6 (Fig. 5) . In addition, our mutational analysis of two Ser, one conserved and one semiconserved, and of a semiconserved Tyr in the RGS domain of RGS13 did not block its stress-induced nucleolar localization. These conserved or semiconserved potential phosphorylation sites also are located in the C-terminal half of the RGS domain of RGS13. Nonetheless, there are other Ser located within the implicated N-terminal domain of RGS6 (Fig. 4C) , although not conserved among RGS proteins, which conceivably could play a specific role (i.e. versus serving as a general mechanism for other RGS proteins) for stress-induced nucleolar localization of RGS6. It also must be acknowledged that phosphorylation could play a role in stress-induced nucleolar localization of RGS proteins although RGS proteins or their RGS domains may not be the direct target of kinase action.
To investigate the possible role of phosphorylation in stressinduced nucleolar localization of RGS6, we examined effects of treating cells with various protein kinase inhibitors on this process. We ruled out p38 or JNK/SAPK pathways in stressinduced nucleolar localization of RGS6 using SB203580 and dominant-negative SAPK, respectively (see above). We selected inhibitors and treatment conditions to inhibit various protein kinases in cells expressing RGS6S(-GGL), evaluating MG132-induced nucleolar localization of RGS6 in these cells. Treatment of cells with inhibitors of ERK1/2 (PD98059, 50 M), PI-3-kinase (LY294002, 10 M), GSK-3␤ (lithium, 10 mM), tyrosine kinases (genistein, 10 M), or Ser/Thr kinases (H7, 50 M) did not attenuate MG132-induced nucleolar localization of RGS6S(-GGL). These results suggest that stress-induced nucleolar localization of RGS6S(-GGL) likely does not involve mechanisms involving the activity of these kinases on RGS6 or other proteins.
Heat shock/chaperone proteins represent a family of stress response proteins, regulated primarily by HSF1 transcription factor (39) . This family of proteins is induced rapidly (e.g. 10 min of mild heat stress) as an adaptive response to stress stimuli and functions to protect against stress-induced cellular damage. For example, HSF1 up-regulates Hsp70, a major mammalian chaperone, to promote refolding of heat-denatured proteins. Hsp70 may also be involved in sequestering certain proteins to the nucleolus in response to stress activation including during proteasome-mediated proteotoxic stress (40, 41) . Because induction of heat shock proteins by HSF1 is a primary response to the stress stimuli that provoke RGS6 nucleolar localization, it seemed essential to see whether induction of this response by HSF1 overexpression could mimic the effects of stress on RGS6 nucleolar migration. HSF1 expression in cells produced a dramatic increase in constitutive nucleolar localization of RGS6S(-GGL) compared with vectortransfected cells (Fig. 6 ). More than 50% of HSF1 transfectants exhibited constitutive nucleolar localization of RGS6S(-GGL) compared with ϳ5% of vector transfectants. Fig. 6 also shows that a transcriptionally incompetent form of HSF1 (39) , in which the DNA binding domain of HSF1 was replaced with the DNA binding domain of LexA, did not promote nucleolar localization of RGS6S(-GGL). These results clearly implicate stressinduced expression of heat shock proteins as a likely mechanism underlying stress-induced nucleolar localization of RGS6 proteins. The identity of the heat shock proteins involved and the underlying mechanism by which they promote nucleolar targeting of RGS6 is not known. (42) performed a proteomic analysis of the human nucleolus, identifying 271 nucleolar proteins with over 30% representing previously unidentified or uncharacterized proteins. Of the more than 80 identified novel proteins, 15 of 18 that were tested as being true nucleolar proteins by expression in mammalian cells as GFP fusions underwent localization to nucleoli. Recent observations indicate that many nucleolar proteins shuttle between the nucleolus and nucleoplasm rather than being constitutively nucleolar (43) (44) (45) . In agreement, Andersen et al. (42) showed that 11 proteins became enriched in the nucleolus after treatment with the transcription inhibitor actinomycin D. Among these proteins was paraspeckle protein 1 (PSP1), a protein subsequently shown to relocalize between paraspeckle nuclear domains and nucleoli in cells in response to inhibition of transcription with actinomycin D (43) . Likewise, splicing factor PSF1 relocalizes to the nucleolar periphery in response to actinomycin D (46) while topoisomerase I exhibits an opposite response (47) , with inhibition of rDNA transcription by a low dose of actinomycin D (selective RNA polymerase I inhibitor) preventing its nucleolar accumulation. At present, it is unclear why these and other proteins undergo shuttling to or from the nucleolus in response to inhibition of transcription.
In view of these findings and our evidence for stress-induced nucleolar localization of RGS6, we examined whether RGS6 undergoes nucleolar migration in response to inhibition of rDNA transcription. Fig. 7A shows that treatment of cells with a low dose of actinomycin D (0.04 g/ml), to inhibit RNA polymerase I selectively (48) , induced nucleolar localization of all RGS6 variants tested. While RGS6L still exhibited some cytoplasmic localization, RGS6L(-GGL), RGS6S and RGS6S(-GGL) exhibited predominant accumulation in nucleoli. Approximately 5-10% of cells expressing RGS6S and RGS6S(-GGL) exhibited a dotted pattern of distribution within the nucleus, in addition to nucleolar localization, and we noted a similar pattern in response to heat stress (not shown) and MG1323 treatment (Fig. 2) . PSP1 shows a similar localization into discrete subnuclear bodies, termed paraspeckles, and PSP1 and other resident paraspeckle proteins migrate from these sites to the nucleolus in response to actinomycin D treatment of cells (43) . We reasoned that these two patterns of subnuclear localization might reflect different temporal characteristics of subnuclear trafficking of RGS6 to these sites in response to stress or actinomycin D. Therefore, we examined the localization of RGS6S(-GGL) at various time periods following treatment with actinomycin D. Fig. 7B shows that RGS6S(-GGL) exhibited a time-dependent migration from discrete nuclear dots to nucleoli in response to this treatment. Within 30 min of actinomycin D treatment, RGS6S(-GGL) was localized predominantly in subnuclear dots. With continued treatment, RGS6S(-GGL) began to accumulate in nucleoli at the expense of its localization in nuclear dots (60 min) and was localized exclusively in the nucleolus following 90 min of actinomycin D treatment. In contrast, treatment of cells with ␣-amanitin (0.2 mg/ml) to inhibit RNA polymerase II had no effects on RGS6S subnuclear trafficking (not shown), demonstrating that this response is specific to inhibition of rDNA transcription by RNA polymerase I.
Deletional analysis showed that the RGS domain of RGS6 proteins is not involved in actinomycin D-induced nucleolar migration of RGS6 proteins, in contrast to what we observed for stress-induced nucleolar migration of RGS6. Fig. 7C shows subcellular patterns of localization observed with various GFPtagged deletion constructs of RGS6L following treatment with actinomycin D with a comparison of this pattern to that observed in response to MG132 shown below the images. As shown, constructs 40 -121, 70 -182, and 172-231 exhibited robust nucleolar accumulation in response to actinomycin D. We observed similar nucleolar migration of constructs 40 -121 and 70 -182, but not 172-231, in response to mild heat and proteotoxic (MG132) stress (Fig. 3) . Construct 232-332 did not undergo substantial nucleolar migration in response to actinomycin D, as we observed in response to heat and MG132 treatment. However, in contrast to the effects of mild heat or proteotoxic stress (Fig. 4A) , actinomycin D treatment of cells did not promote nucleolar localization of the RGS domain (333-452) of RGS6. Moreover, other RGS proteins and their RGS domain constructs similarly did not respond to actinomycin D with nucleolar migration (not shown) in contrast to what we observed in response to mild heat or proteotoxic stress (Fig. 4,  A and B) .
These results show that RGS6 possesses three distinct types of structural modules that support its nucleolar migration in response to mild heat or proteotoxic stress and to treatment with actinomycin D. The RGS domain undergoes nucleolar migration only in response to mild heat or proteotoxic stress, sequence modules in constructs 40 -121 and 70 -182 undergo nucleolar migration in response to both heat/proteotoxic stress (i.e. though less robustly than the RGS domain) and actinomycin D treatment, while sequence modules in construct 172-231 selectively respond to actinomycin D with nucleolar migration. Thus, while other RGS proteins may undergo nucleolar localization in response to heat/proteotoxic stress by virtue of their RGS domain (Fig. 4) , sequence modules that support both heat/proteotoxic stress and actinomycin D nucleolar migration are present only in members of the R7 subfamily of RGS proteins.
DISCUSSION
The present work provides new evidence of dramatic subcellular trafficking of RGS6 and other RGS proteins in response to specific forms of cellular stress. Mild heat and proteasomemediated proteotoxic stress, but not other forms of cellular stress, prompted different splice variant forms of RGS6 to migrate from cytoplasmic or nuclear sites to nucleoli. This response occurred by mechanisms independent of SAPK/JUNK and a variety of other protein kinases and was elicited also by inhibition of rDNA transcription, a response previously reported for numerous nucleolar proteins including PSP1 and PSF1 (43, 46) . RGS6 proteins exhibited organization into subnuclear dots during migration to nucleolar sites in a manner similar to stress-induced localization of HSF1 into subnuclear sites. Both distinct and shared sequence modules mediate nucleolar trafficking of RGS6 in response to mild heat or proteotoxic stress and inhibition of rDNA transcription, suggesting the existence of more than one mechanism for promoting nucleolar migration of RGS6. Of considerable importance is the finding that the RGS domain of RGS6 and other RGS proteins provides structural support for mild heat and proteotoxic stress-induced trafficking of proteins to nucleoli, linking both RGS6 and other members of the RGS protein family to stress signaling pathways in mammalian cells. Further support for this concept was provided by the observed nucleolar trafficking of RGS6 in response to overexpression of HSF1 but not transcriptionally incompetent HSF1.
RGS proteins are defined by the presence of a semiconserved RGS domain. The discovery of these proteins as negative regulators of G protein signaling was provided first by genetic studies in S. cerevisiae and C. elegans demonstrating that loss of Sst2p and Egl10, respectively, led to enhanced G protein signaling (4, 5, 49) . Subsequent studies showed that RGS proteins or their isolated RGS domains exhibited GAP activity toward G protein ␣-subunits in vitro (50, 51) , providing mechanistic insight into how RGS proteins might function to turn off G protein signaling in cells. However, our laboratory provided initial evidence that some RGS proteins are localized at intracellular sites other than the plasma membrane where G proteins are found, including the cytoplasm, Golgi apparatus, and nucleus (7) . We showed that isolated RGS domains localized to the nucleus and that RGS4 and RGS16 were nucleocytoplasmic shuttle proteins, and we proposed the existence of a default pathway for nuclear localization of RGS proteins that can be overridden by nuclear export sequences or cytoplasmic retention sequences. The present results show that the RGS domain of RGS proteins, in addition, provides structural support to promote mild heat-and proteotoxic stress-induced subnuclear trafficking of these proteins. Indeed, we found that most tested members of the RGS protein family underwent stress-induced nucleolar localization and we showed that specific extra-RGS domain sequences in certain RGS proteins override this pathway. Interestingly, the atypical RGS domains present in AKAP10 and axin also undergo stress-induced nucleolar localization, although the RGS domains of AKAP10 lack G protein GAP activity and that of axin interacts with adenomatous polyposis coli rather than G proteins (2, 34, 35) . These results suggest divergence in structural features required for stressinduced nucleolar localization of the RGS domains of these proteins and those needed for G protein interactions.
Our work also identified a role for the DEP domain, another structural domain shared by members of a subfamily of RGS proteins, in nucleolar trafficking of RGS6. The DEP domain of RGS6 provided structural support for nucleolar localization in response to inhibition of rDNA transcription, in contrast to the RGS domain that supported nucleolar trafficking only in response to mild heat-or proteotoxic stress. Although the DEP domain is capable of undergoing nucleolar localization in response to stress stimuli, it is likely not a primary determinant for the more robust nucleolar trafficking observed with RGS6 proteins and, in fact, is not present in any of the RGS6S isoforms. While RGS6 was unique in exhibiting transcriptionlinked trafficking to nucleoli in our study, the presence of DEP domains in R7 subfamily members (2, 3) suggests that these Fig. 3 for a schematic representation of full-length and deletion constructs of RGS6L. For all panels, green represents EGFP-tagged RGS6 protein or RGS6L deletion construct and red represents propidium iodide-stained nuclei. Transfection of COS-7 cells and immunofluorescence measurements were performed as described under "Experimental Procedures." RGS members might also exhibit transcription-linked nucleolar migration. Burchett et al. (21) recently reported that expression of the DEP domain of the yeast RGS protein Sst2p both induced and repressed expression of numerous yeast genes. Most of the genes induced by Sst2p DEP domain expression possessed consensus STREs and further studies showed that expression of the Sst2p DEP domain increased activity of an HSP12 reporter construct. Although the authors identified candidate Sst2p DEP domain binding proteins and found that yeast deletion mutants of three such vacuolar sorting proteins exhibited increases in HSP12 reporter activity and impaired pheromone responses, the link between Sst2p DEP domain expression and regulation of STRE genes in the nucleus was not clarified. Thus, it is intriguing that we now report that a mammalian homolog of Sst2p possesses the ability to undergo trafficking to and within the nucleus in response to mild heat or proteotoxic stress, i.e. mediated at least in part by structural elements present in its DEP and RGS domains. The unique subnuclear pattern of distribution of RGS6 observed during both mild heat or proteotoxic stress and transcription-linked nucleolar migration is quite reminiscent of proteins involved in specialized nuclear functions, including transcription factors. Indeed, one such protein is HSF1, a transcription factor that regulates HSE-containing genes, which becomes activated and undergoes localization into discrete subnuclear sites during mild heat or proteotoxic stress (26, 28) .
Activation of HSF1 during exposure of mammalian cells to stress results in transcription of stress-related genes of the Hsp family (26, 28, 29, 52) . Expression of Hsps represents an adaptive response in recovery from and prevention of damage to further stress. Hsp70, Hsp90, and other members of the Hsp family protect stressed cells by their chaperone activities, which include recognizing, transporting and refolding denatured proteins and preventing their aggregation with other proteins. Recent studies have revealed that Hsps possess, in addition, roles in signaling pathways, cell proliferation and development (29) . Hsp90 and Hsp70 interact with a variety of signaling molecules, including nuclear hormone receptors, kinases, cell cycle, and cell death proteins. Current evidence suggests Hsp90 is involved in regulation of the Ras/Raf pathway and Hsp40, Hsp70, and Hsp90 play critical roles in maturation and activation of nuclear hormone receptors. Our finding that overexpression of HSF1 but not transcriptionally incompetent HSF1 promotes constitutive nucleolar localization of RGS6S provides the first evidence linking the HSF1-regulated heat shock family of proteins to subcellular trafficking of RGS6 proteins. Thus, it is of interest that previous studies have reported increased expression of RGS2 mRNA and protein during heat and oxidative stress and of RGS16 during genotoxic stress, stress stimuli that activate HSF1 (28, 53) . Although not tested, it is possible that HSF1 is involved in transcriptional regulation of some RGS genes.
The link established here between stress signaling and trafficking of RGS6 and other members of the RGS protein family suggests involvement of the RGS family of proteins in new signaling pathways or in cellular functions related to stress signaling. Trafficking of RGS proteins from their sites at or near the plasma membrane in response to stress could function to prevent their interactions and negative regulatory influences on G proteins. However, we also observed stress-induced nucleolar migration of RGS proteins that are normally present in the nucleus, where they presumably would not be able to interact with G proteins. Trafficking of RGS6 and other RGS proteins from such nuclear sites to nucleoli may represent a mechanism for sequestering these proteins from other currently undefined functions in the nucleus. For example, the observed nucleolar accumulation of p53 in response to proteasome-mediated proteotoxic stress would be expected to blunt p53-mediated transactivation of genes (54) . Alternatively, trafficking of RGS6 and other RGS proteins to nucleoli could reflect specialized functions of these proteins within the nucleolus. The nucleolus is the site of ribosomal biosynthesis and nucleolar rDNA biogenesis is essential for cell growth and proliferation. Our finding that nucleolar migration of RGS6 is linked to rDNA transcriptional activity suggests a relationship, although not yet defined, between nucleolar function and localization of RGS6, and possibly other members of the R7 subfamily of RGS proteins. Hopefully, the evidence presented herein linking prototypical structural domains of RGS proteins to stress-induced relocalization of these proteins will spur studies to investigate the relationship between RGS proteins and stress signaling pathways in mammalian cells.
